This study examined how the strain rate affects the room-temperature tensile behavior of hydrogen-charged 316L stainless steels. A hightemperature homogenization treatment was applied to the specimens after hydrogen charging and copper electroplating to remove the hydrogen concentration gradient. A softening phenomenon was observed in the hardening behavior of the H-charged and homogenized specimen at a strain rate of 2 Â 10 À3 /s. The observation was further confirmed by an inspection of the fracture surface of the tensile test specimen.
Introduction
Over the past few decades, the interaction between hydrogen and metals has been studied extensively in many areas for a number of reasons, e.g. to develop solid hydrogen storage systems for transportation applications, 1) to observe the transformation superplastic (TSP) deformation or internal-stress plasticity (ISP) caused by repetitive hydrogen cycling, [2] [3] [4] and to resolve the concerns regarding hydrogen embrittlement (HE) phenomenon, which can degrade significantly the mechanical properties of metallic materials. With HE, metals can fail at very low load levels with reduced ductility compared to those that a hydrogen-free material can sustain normally. [5] [6] [7] As such, the HE phenomenon in steels is an important subject and has been examined by a number of researchers for advanced structural applications, such as nuclear power plants and gas/oil industry where there are several hydrogen sources. [8] [9] [10] [11] [12] In particular, 316L austenite stainless steels are becoming increasingly popular as advanced structural materials in light water reactors (LWRs) or liquid metal reactors (LMRs) in nuclear power plants owing to their combination of strength and ductility, fracture toughness, corrosion resistance as well as low absorption rate of neutron radiation. [13] [14] [15] For the HE study, the interaction between hydrogen and steels is generally induced either by cathodic or gas-phase charging. In general, cathodic charging is easier to perform but gas-phase charging can achieve a more uniform hydrogen distribution, as the relatively small diffusion distances obtained during a laboratory-scale cathodic charging process leave the hydrogen transport limited to near the surface. 16, 17) Alternatively, the cathodic charging process could be attempted on steel samples in the form of foils 18, 19) or flat rectangular shape 20) to ensure more uniform hydrogen distribution throughout the sample thickness. In this study, the forced charging of hydrogen was achieved also using a cathodic charging technique to simulate the mechanistic role of hydrogen in 316L austenite stainless steels. Furthermore, unlike previous studies, 8, 10, 12, 21, 22) the H charging process was followed by a high-temperature heat-treatment to remove the initially inhomogeneous hydrogen concentration gradient that usually occurs after cathodic charging. 12, 21, 23) The room-temperature tensile properties of the 316L austenite stainless steel with and without the homogenization process were examined and compared at different strain rates. In particular, this paper concerns an effect of a small amount of uniformly distributed hydrogen (in the range of several ppm (parts per million) hydrogen by weight) on the roomtemperature tensile properties of 316L stainless steel. A small amount and yet uniform distribution of hydrogen content appeared to result in softening of the 316L austenitic stainless steel with reductions in both room-temperature strength and ductility, as previously reported elsewhere. 17, 24) 2. Experimental Procedures 316L austenite stainless steel was prepared by a homogenization process at 1100 C, followed by quenching in water. Its chemical composition is listed in Table 1 . A cathodic hydrogen charging technique was employed at 94$98 C for $50 min using a 0.5M H 2 SO 4 solution with 250 mg/L As 2 O 3 as the hydrogen recombination poison. A current density of 200 A/m 2 was applied between the 316L stainless steel sample and a platinum anode. The details of hydrogen charging process used in this study are compared with those of other studies in Table 2 . After the hydrogen charging process, the samples were then electroplated with copper to prevent hydrogen desorption because the diffusivity of hydrogen in copper is much lower than that in 316L austenite steel. 25) One liter of electroplating solution contained 22.5 g cuprous cyanide, 33.7 g sodium cyanide, 15.0 g sodium carbonate, and 0.2 g sodium thiosulfate, with the pH maintained at 12:0$12:5. The electroplating process was conducted for $5 min at 1-2 V and at 33-39 C. 10) Several tensile samples were homogenized at 600 C for 2 h to remove the hydrogen concentration gradient throughout their thickness dimension. The outer surface of a homogenized specimen had been ground off by approximately 1.0 mm before its hydrogen concentration was measured and compared to that of an as-homogenized specimen. Hydrogen concentration measurements were performed using a LECO RH 404 analyzer. 26) In addition, the hydrogen contents were determined by averaging three different test values for each specimen.
The microstructure of cross sections of specimens was examined by optical microscopy. The cross sections were produced by normal metallographic sample preparation techniques. For the metallographic examination, the sample was etched with aqua regia for 3 min. The macro-hardness was measured using a standard B-scale Rockwell hardness tester with a 1.6 mm diameter steel ball, a 10 kg minor load, and a 100 kg major load on epoxy-mounted specimens that had been ground and polished to 0.3 mm with colloidal alumina. For comparison, micro-hardness measurements were also performed particularly on the inner regions of the homogenized specimens with and without hydrogen, using a Vickers indenter with a 100 g load and an indent time of 10 s on epoxy-mounted cross-sections of the samples.
A room-temperature tensile test was performed on the samples that had been machined to the ASTM E-8 proportional standards. 27) Cylindrical specimens were machined with a gauge length and diameter of 30.0 mm and 3.8 mm, respectively. The cross-head speed varied from 0.36 to 17.82 mm/min, corresponding to strain rates of 2 Â 10 À4 to 1 Â 10 À2 /s. The strain was measured using a clip-on extensometer with a 25.0 mm gauge length. The fracture surfaces of several samples after the tensile test were examined by scanning electron microscopy (SEM). Figure 1 (a) presents an optical micrograph of the etched cross-section of a 316L austenite steel specimen charged with hydrogen, showing the typical characteristics of austenite stainless steel with an average grain size of $31 AE 8 mm. Some samples were homogenized at 600 C for 2 h for a uniform hydrogen distribution and there was essentially no or little difference detected in their microstructure with the similar average grain size of $35 AE 14 mm, except for a more amount of twins observed and possible presence of chromium carbide precipitates along the grain boundaries ( Fig. 1(b) ).
Results and Discussion

Microstructure and hardness
The increased hardness for the homogenized specimen without H-charging than for the as-received specimen may be attributed to the presence of chromium carbide precipitates during the heat-treatment (Table 3 ). For 316L austenitic stainless steel used in this study, the amount of chromium carbide precipitates formed along the grain boundaries is expected to be insignificant due to a much reduced content of carbon (0.017 mass%), as opposed to type 302 alloy (0.1 mass% C) or type 304 alloy (0.06 mass%) in which a considerable amount of chromium carbides can precipitate in the grain boundaries in the temperature range of 400 to 850 C, generally causing them to be susceptible to 'sensitization'.
28) The homogenization time used for hydrogen diffusion was based on calculations of the diffusion distance of hydrogen in austenite stainless steel using a representative equation of diffusion distance, d ¼ ffiffiffiffiffiffiffi ffi 2Dt p . Given the following diffusion coefficient equation (eq. (1) where D is the diffusion coefficient (m 2 s À1 ), R is the gas constant (JK À1 mol À1 ), and T is temperature in K. The result suggests that charged hydrogen was concentrated near the outer surface of a 316L stainless steel sample using the cathodic charging method, as reported previously. 11, 21, 23) On the other hand, the estimate of hydrogen diffusion distance in a 316L stainless steel sample after the homogenization treatment at 600 C for 2 h was 2.3 mm using the same equations, which is large enough taking into account the radius of the tensile samples used in this study (1.85 mm). The experimentally measured hydrogen content was 5:5 AE 0:3 ppm for the homogenized specimen with the surface ground off by 1.0 mm, which was similar to that for an ashomogenized specimen (4:3 AE 0:4 ppm), implying that the hydrogen transport was also pertinent to the inner region of the sample. While the homogenization heat-treatment was able to achieve the uniform hydrogen distribution, some degree of hydrogen desorption might have occurred during the process, considering the relatively lower hydrogen contents and decrease in hydrogen concentration after surface removal, as compared to those ranging from several to a few hundred ppm reported in other studies. 8, 22) Considering the usual residual hydrogen concentration of 1:7$1:8 ppm in an as-received 316L austenitic stainless steel 17) and assuming the similar range of hydrogen concentration in our asreceived sample, the hydrogen concentration in our Hcharged and homogenized specimen is approximately only three times the residual hydrogen concentration at the highest. Therefore, our discussion is confined to the effect of a 'small' amount of 'internal' hydrogen on austenitic 316L stainless steel.
The Rockwell hardness test performed on the 316L stainless steel samples showed an increase in hardness after the homogenization process at 600 C for 2 h regardless of the presence of hydrogen, as shown in Table 3 . Interestingly, the presence of hydrogen appeared to cause softening of the H-charged and homogenized specimen. The hardness of the specimen charged with hydrogen and then homogenized (81 AE 0:5 HRB) was lower than that of the specimen homogenized but not charged with hydrogen (94 AE 1:3 HRB). In particular, the hardness in the central region of the specimen charged with hydrogen and then homogenized was compared to that of the specimen homogenized but not charged with hydrogen using Vickers hardness method as well (Fig. 2) . Similar to a trend observed in the Rockwell hardness result, the average Vickers hardness value of the Hcharged and homogenized specimen (183 AE 38 HV) was also lower than that of the specimen homogenized but uncharged with H (230 AE 31 HV), taken only in their central regions. Despite the comparatively smaller differences in yield and tensile strengths, this trend is consistent with the yield and tensile strength behaviors of the two samples, where the yield and tensile strengths of the H-charged and homogenized specimen were slightly lower than those of the specimen homogenized but uncharged with hydrogen as discussed in the following section. Figure 3 shows representative tensile stress-strain curves for the homogenized 316L austenite stainless steel samples with and without hydrogen charging at strain rates of 2 Â 10 À4 /s, 2 Â 10 À3 /s, and 1 Â 10 À2 /s. Figure 4 and Table 3 show the corresponding mechanical properties. Several points are noteworthy. First, the yield strength increased with increasing strain rate for all samples (Fig. 4(a) ), as is generally expected for metallic materials. 29) Second, despite small variations of the yield strength by up to $5% at most, there was softening or a decreasing trend in both the yield and tensile strengths for the H-charged samples, as compared to the uncharged samples, at strain rates between 2 Â 10 À4 and 2 Â 10 À3 /s. Small variations of the yield strength by hydrogen in austenitic stainless steels are reported to be common, 30, 31) as they are known to be less susceptible to hydrogen embrittlement, compared to other metals and alloys. 17) On the other hand, at a strain rate of 1 Â 10 À2 /s, there was essentially no difference in the yield and tensile strengths between the H-charged and uncharged samples, presumably because at low temperatures and high strain rates, the velocity of hydrogen is too slow to follow that of the dislocation and cause a substantial strain aging effect. 32) Furthermore, an evident effect of strain hardening was observed in the homogenized samples at a strain rate of 1 Â 10 À2 /s, because their yield strengths were lower but their tensile strengths were higher than those of the non-homogenized samples. Third, the most pronounced softening effect was observed at a strain rate of 2 Â 10 À3 /s, particularly between the H-charged and uncharged specimens both under a homogenization treatment. Indeed, the yield and tensile strengths, and the strain-to-failure of the charged and homogenized specimen were lower than those of the just homogenized specimen; in particular, the strain-to-failure of the former was 72.4% whereas that of the latter was only 58.2%. This is in good agreement with the literature data in which without exception, the presence of hydrogen always accompanied a reduction of ductility, despite the contradictory effects of hydrogen on yield and tensile strengths of steels. 20, 33) The disappearance of the hydrogen effect at a strain rate 1 Â 10 À2 /s may be explained by the interaction of hydrogen with dislocation motion, which can be described by the following equation: where m is the mobile dislocation density, E b is the binding energy of hydrogen to a moving dislocation, D 0H is the diffusion constant, k is the Boltzmann constant, T is the absolute temperature, and Q H is the activation energy of hydrogen. 10) In this equation, the effect of hydrogen is associated with a critical strain rate, below which hydrogen movement can follow the dislocation motion to show a considerable effect of hydrogen dissolution. 10) Therefore, Fig. 4 suggests that the critical strain rate, above which the diffusion of hydrogen can no longer follow the dislocation motion, appears to be near 1 Â 10 À2 /s. This critical strain rate is similar to that of SA508 C1.3 steel at 288 C, as reported in Ref. 10 ).
Tensile properties and hydrogen effects
On the other hand, the tensile tests at lower strain rates, ranging from 2 Â 10 À4 to 2 Â 10 À3 /s, showed that the mechanical properties of hydrogen-induced samples were slightly degraded compared to the uncharged ones, the difference being more pronounced for the homogenized samples. As a matter of fact, the H-induced softening of the tensile properties in the homogenized specimens was most pronounced at the strain rate of 2 Â 10 À3 /s, as was also reported for SA508 C1.3 steel in Ref. 10) . The H-charged sample showed a tensile strength of 660.5 MPa, which is lower than that of the uncharged sample (674.4 MPa), and a strain-to-failure of 58.2%, which is reduced by $20% as compared to that of the uncharged one (72.4%), as shown in Figs. 4(b)-(c) . Figure 5 shows SEM images of the corresponding fracture surfaces in the central regions of the tested tensile specimens at the strain rate of 2 Â 10 À3 /s, which further supports the H-induced softening phenomenon in the Hcharged and homogenized specimen. The typical ductile fracture behavior was illustrated predominantly by microvoid coalescence in all four types of samples as shown in Figs. 5(a)-(d) . On the other hand, a relatively uniform distribution of fine dimples was observed in Figs. 5(a)-(c) , whereas the fracture surface in the H-charged and homogenized sample displayed isolated areas of dimples with a wide range of dimple sizes and a slightly brittle and transgranular appearance. 16, 19) In particular, the large dimples shown in Fig. 5(d) appeared to be elongated and differ in orientation with a somewhat corrugated appearance, implying that the primary dimple formation process could be the local shear fracture enhanced by hydrogen. 16, 17) Interestingly, despite the charging of hydrogen, the overall fracture behavior observed in the H-charged specimen without the homogenization process shown in Fig. 5(b) is similar to that of the uncharged, non-homogenized one in Fig. 5(a) , which is indicative of the little or no evidence of hydrogen diffusion to the central region of the tensile sample. This suggests that without the homogenization treatment, the interaction of dissolved hydrogen with the cylindrical 316L stainless steel sample used in this study should be confined within its outer region. The effect of hydrogen on the softening of the tensile properties or the degraded ductility at 2 Â 10 À3 /s may be accounted for by a HELP (Hydrogen Enhanced Localized Plasticity) or HID (Hydrogen Induced Decohesion) mechanism for non-hydride forming systems. 7) In the HELP mechanism, the dissolved hydrogen actually assists the local plastic deformation in association with dynamic strain aging (DSA) by promoting dislocation multiplication and motion in the Lüders bands, which eventually causes the premature initiation and growth of microvoids within the local regions. This reduces the strength and ductility (softened tensile properties). 7, 10, 34) On the other hand, in the HID mechanism, solute hydrogen is assumed to decrease the force needed to separate the crystallographic plane, grain boundary or a particle/matrix interface by lowering the energy to form a cleaved surface. 7) While the interaction of hydrogen with metals and alloys is a rather complex phenomenon and no single mechanism can provide a complete explanation, 7) the HELP model is generally used to explain the HE phenomenon (in particular, reduction in ductility) in austenitic steels where hydrogen enhances dislocation mobility but suppresses its cross-slip, resulting in a macroscopically reduced ductility and a brittle fracture appearance, as evidenced in Fig. 5(d) . 16, 17, 19, 35, 36) In our study, despite being disputable without a statistical analysis, both yield and tensile strengths of the H-charged and homogenized specimen appeared to be slightly lower than those of the uncharged but homogenized specimen. Furthermore, the same trend was observed more apparently with Rockwell and Vickers hardness measurements. It is therefore believed that hydrogen softening could occur even with a small amount (several ppm levels) of internal hydrogen when it was evenly distributed, though there have been fewer reports on hydrogen softening 17, 24, 37) than hardening [38] [39] [40] [41] in the literature. 42) In any event, it is difficult to understand their fundamental mechanisms and make direct comparison between them, because there has been a variety of sample geometries and testing conditions used in different studies. While Oguri et al. observed hydrogen softening with particularly low carbon concentrations accompanied, 37) other instances of hydrogen softening appear to be associated with internal distribution of hydrogen without a significant hydrogen concentration gradient and consequently high stresses near the surface. 42) As a result, without avoiding the abovementioned experimental artifact, the experimental methods used to demonstrate hydrogeninduced hardening have often been subject to criticism. 18) Another factor that must be considered for discussing the HE phenomenon in steels is strain-induced martensitic formation during the tensile test, as it is generally known to influence the tensile fracture behavior of type 316 stainless steels at ambient temperature. 43) This is because the martensite itself is a brittle phase and the hydrogen diffusivity in the body-centered cubic (bcc) martensite is significantly greater than that in the face-centered cubic (fcc) austenite, giving rise to a more rapid pathway for hydrogen transport in the bcc martensite. 16) While very stable austenite stainless steels, such as 310 types and 22Cr-13Ni-5Mn, are reported to form no strain-induced martensite, its formation can take place in 316 stainless steels with nickel content as high as 13.5 mass%. 16, 35) Considering the lower nickel content of 10.2 mass% in the 316L stainless steel used for this study, strain-induced martensite was likely to form during the tensile test, which appeared to help exacerbate the tensile properties of the H-charged and homogenized 316L specimen. A quantitative analysis study is further needed for the conclusive experimental evidence of strain-induced martensite in order to determine its exact role on the tensile properties of the H-charged and homogenized specimen.
Conclusions
This study examined the effect of dissolved hydrogen in 316L stainless steel after achieving a small amount and yet uniform distribution of hydrogen through a homogenization heat-treatment. The room-temperature mechanical properties of the H-charged 316L stainless steel were studied at different strain rates. The yield strength increased with increasing strain rate as expected and tended to decrease with H-charging. The tensile strength and ductility however varied in a rather complex manner, depending on the strain rate and whether H-charging and heat-treatment had occurred. The effect of hydrogen seemed to disappear near a strain rate of 1 Â 10 À2 /s, where there were essentially no differences in the yield and tensile strengths, and the ductility between the H-charged and uncharged specimens. The effect of hydrogen was more pronounced in the homogenized specimen than in the non-homogenized one. The most remarkable softening of the tensile properties was observed in the H-charged and homogenized specimen at a strain rate of 2 Â 10 À3 /s, resulting in the degradation of both strength and ductility.
Both macro-and micro-hardness measurements using Rockwell and Vickers hardness testers, respectively, showed the consistent trend of H-induced softening. In particular, the hardness in the central region of the H-charged and homogenized specimen was much lower than that of the uncharged but homogenized specimen. The SEM examination of the fracture surfaces showed that only the H-charged and homogenized sample exhibited a wide range of dimple sizes and a slightly brittle and transgranular appearance, while other samples showed mainly typical ductile dimples in the central regions of the fractured tensile specimens.
